Introduction
Sickle cell disease (SCD) is caused by an abnormal hemoglobin that results in sickling of red blood cells and obstruction of blood flow in small vessels. Vasoocclusion causes chronic organ damage, resulting in multisystem disease, and is associated with substantial morbidity and mortality. 1, 2 At this time, hematopoietic stem cell transplantation is the only curative treatment of SCD. 3 Myeloablative HLA-matched sibling donor transplantation for pediatric SCD has been successful, with survival rates now approaching more than 95%. [4] [5] [6] [7] Most patients who could be cured of SCD by stem cell transplantation do not have a HLA-matched sibling donor or an 8/8 matched unrelated donor. less successful than HLA-matched sibling transplantation as a result of graft failure or GVHD, resulting in failure to cure the SCD and/or poor survival. [11] [12] [13] [14] [15] Engraftment has been a major challenge in the mismatched related donor setting, with graft failure rates of 38% to 43%. 15, 16 Long-term complications of myeloablative chemotherapy include progressive declines in renal, pulmonary, and cardiac function over time. 16 Gonadal toxicity and fear of transplant-related complications including chronic GVHD have been cited as reasons to not transplant otherwise eligible patients with SCD. 17, 18 Reducedintensity conditioning (RIC) has been used successfully for HLAmatched sibling donor transplantation for SCD and may reduce the long-term sequelae compared with myeloablative regimens. [19] [20] [21] Successful use of alternative donors including mismatched family members, with reliable engraftment and a low incidence of GVHD, could provide a donor for almost all patients with SCD, as nearly all patients will have a related HLA-haploidentical donor. Matched unrelated and mismatched related donors were used in the study because both are associated with a significant risk for GVHD. T-cell depletion offers the possibility of a very low risk for GVHD and the avoidance of short-and long-term toxicities associated with calcineurin inhibitors. The use of RIC may limit long-term adverse effects. We report our experience using CD34
1 cell-selected, T-cell-depleted peripheral blood stem cell (PBSC) alternative donor transplantation after a RIC regimen for pediatric and young adult patients with SCD.
Patients were also offered treatment on a companion study of donor lymphocyte infusion (DLI) and methotrexate (MTX) GVHD prophylaxis to accelerate immune recovery. MTX was used to prevent GVHD from the DLI by killing T cells responding to alloantigens in the recipient while sparing a sufficient number of viral-specific T cells to provide some immunity and protection from infection. MTX is an antiproliferative chemotherapy drug that has been used for the prevention of GVHD for many years. 22 
Methods
Patients were treated on a phase 2 study (IND 14045) to determine the efficacy of CD34 1 cell selection for the prevention of severe acute GVHD in alternative donor stem cell transplantation. The study was approved by the Carolinas HealthCare System Institutional Review Board and was monitored by the Pediatric Blood and Marrow Transplant Consortium Data Safety Monitoring Committee. All patients (or a parent or guardian for minors) gave written informed consent in accordance with the Declaration of Helsinki. This report addresses only the consecutive sickle cell patients treated in this study.
An unrelated donor search was performed for all patients, and those without an 8/8 HLA-matched donor were offered transplant using a mismatched related donor. Donors were prioritized based on cytomegalovirus (CMV) status (CMV-positive donor required for a CMV-positive recipient after patient 2), lowest number of HLA mismatches, ABO compatibility, and younger age. Donors could only be used if the recipient did not have anti-HLA antibodies directed against donor antigens. Related donors could have sickle cell trait.
Inclusion criteria included age younger than 30 years, lack of a matched sibling donor, and the presence of debilitating SCD, as described previously, 4 with minor modifications. Debilitating disease was defined as at least 1 of the following: recurrent painful events that could not be explained exclusively by other causes (at least 2 events per year in the 2 years before enrollment), acute chest syndrome with the development of a new infiltrate on chest radiograph and/or having a perfusion defect demonstrable on a lung radioisotope scan that required hospitalization and/or transfusion therapy (at least 2 acute chest syndrome episodes in the 2 years before enrollment), a history of any clinically significant neurologic event (stroke or hemorrhage), any combination of painful events and acute chest syndrome episodes that total 4 events within the 2 years before enrollment, an abnormal transcranial Doppler documented on 2 occasions, the presence of osteonecrosis, recurrent priapism that required hospitalization and/or transfusion therapy (at least 2 episodes in the past 2 years before enrollment), stage I or II sickle lung disease, sickle retinopathy and visual impairment in at least 1 eye, red cell alloimmunization during chronic transfusion therapy, chronic transfusion therapy for manifestations of SCD, sickle nephropathy (glomerular filtration rate 30%-50% of normal), and other unusual scenarios if there was agreement between the patient's hematologist and transplant physician that the patient's condition warranted transplant. All patients except patient 3, who had Kostmann's neutropenia as a result of an ELA-2 mutation, failed hydroxyurea before transplant.
Exclusion criteria included adjusted diffusion capacity for carbon monoxide, forced expiratory volume in the first second, forced vital capacity of less than 50% of predicted, cardiac ejection fraction less than 40%, creatinine clearance below 40 mL/min/1.73 m 2 , serum alanine aminotransferase levels higher than 5 times or direct bilirubin levels higher than 2 times the upper limit of normal, performance score below 50, HIV or HTLV-I/II infection, active CMV or hepatitis infection, or serious infection within the 4 weeks preceding transplant.
Donors underwent 4 days of filgrastim mobilization (10-16 mg/kg per day) followed by large-volume leukapheresis, with a goal of collecting at least 20 3 10 6 CD34 1 cells/kg recipient body weight for mismatched related donors and 10 3 10 6 CD34 1 cells/kg body weight for matched unrelated donors. CD34 1 cells were isolated using an automated cell selection device based on magnetic cell separation technology (CliniMACS; Miltenyi Biotec, Bergisch Gladbach, Germany). The cells were processed and cryopreserved at the University of California, San Francisco, and then shipped when needed. 23 The conditioning regimen included melphalan 140 mg/m 2 on day 27, thiotepa 5 mg/kg 32 doses on day 26, fludarabine 40 mg/m 2 daily on days 26 through 22, and rabbit anti-thymocyte globulin (Thymoglobulin; Genzyme, Quebec, Canada) 2.5 mg/kg daily on days 25 through 22. Because 2 of the first 3 patients had Epstein-Barr virus (EBV) reactivation, rituximab 375 mg/m 2 was added on day 21 for EBV seropositive recipients (patients 4, 7, 8, and 9). Patient 5 received a reduced rituximab dose of 150 mg/m 2 because at the time, CMV seropositive patients received a lower dose. All patients were screened for participation in a phase 1/2 companion study to hasten immune reconstitution (registered at clinicaltrials.gov as #NCT01027702). The study included a DLI of 3 to 5 3 10 4 CD3
1 cells/kg 30 to 42 days after transplant, followed by intravenous MTX. MTX 10 mg/m 2 was given 24 hours after DLI and then weekly starting 3 days after the DLI (ie, days 13, 110, 117, 124) for 1 patient. The duration of MTX was extended to 80 days after transplant for 6 patients because of late acute GVHD on the companion study. The dosing of the additional weekly MTX was 7.5 mg/m 2 for 2 weeks and 5 mg/m 2 for 6 weeks.
Supportive care
All patients had a hemoglobin S level of 35% or lower as a result of erythrocytapheresis within 1 week of admission for transplant or chronic red blood cell transfusions. All patients had platelet and red cell transfusions to maintain platelet counts greater than 50 000/mL and hemoglobin 9 to 11 g/dL. Infection prophylaxis included antiviral prophylaxis, Pneumocystis prophylaxis, antifungal prophylaxis, and intravenous gammaglobulin. Intravenous gammaglobulin was given for at least 6 months, until both the immunoglobulin G level was normal (when intravenous gammaglobulin was due) and the immunoglobulin M level was normal. Patients were monitored by real-time polymerase chain reaction testing for CMV, human herpesvirus-6 (HHV-6), EBV, and adenovirus, and preemptive therapy (foscarnet, ganciclovir, valganciclovir, cidofovir, or rituximab as appropriate) was initiated for any positive test until T-cell recovery. All patients received seizure prophylaxis.
Statistical analysis
Patients were to be followed for 5 years after transplant. Graft failure was defined as primary (lack of absolute neutrophil count .500 by day 128 after transplant) or late (secondary; initial evidence for marrow recovery and engraftment with subsequent pancytopenia without another cause [ie, infection and/or drug therapy] and decrease in donor chimerism by .50% from highest level achieved or decrease in donor chimerism to ,10%). Acute and chronic GVHD were graded per standard criteria. [24] [25] [26] A paired t test was used to compare pre-and posttransplant values. STATA v10 (StataCorp, College Station, TX) was used to generate analysis. Overall survival was defined as time from transplant to death from any cause, and event-free survival was defined as death from any cause or graft failure. Overall and event-free survival were calculated using the Kaplan-Meier method. 27 
Results

Characteristics of donors, recipients, and grafts
Ten patients were enrolled between August 2009 and August 2015. Eight alternative donors were mismatched related, and 2 were unrelated. The median donor age was 21 years (range, 13-49 years). Six of 8 mismatched related donors and neither of the 2 unrelated donors had sickle cell trait. Donors underwent a median of 2 days of apheresis collection for PBSCs (range, 1-3 days). Median recipient age was 14 years (range, 5-23 years). The CD34 1 cell selection procedure resulted in a median 5.5 (range, 5. Table 1 . Seven patients were enrolled on the companion immune recovery study. Three patients were not eligible because of asymptomatic HHV-6 reactivation (subsequently removed as an exclusion criterion), decreasing donor chimerism, and EBV-PTLD. The companion study involved an escalation of the DLI dose. At a dose of 5 3 10 4 CD3 1 cells/kg, which was determined to be the optimal dose per protocol, 6/9 evaluable patients had CD4 higher than 100/mL at 4 months after transplant, and there was an 11% incidence of acute GVHD. Outcomes Table 2 provides detailed transplant outcomes. All recipients tolerated the conditioning regimen and engrafted. Neutrophil recovery (first of 3 days of absolute neutrophil count .500/mL) occurred at a median of 14 days (range, 10-17 days). Platelet recovery to more than 50 000/mL (without a platelet transfusion in the preceding 7 days) occurred at a median of 19 days (range, 16-31 days). At last follow-up, all recipients have overall donor chimerism of 94% or more. T-cell chimerism was not checked routinely because in the first few months, patients had very few T cells, and later, most patients were 95% or more donor overall.
Patient 2 had decreasing donor chimerism and was treated with therapeutic DLI at day 144 after transplant. She continued to have falling chimerism and developed PTLD. She was treated with a second DLI at day 177. She developed GVHD and had a shift of chimerism to 100% donor. Patient 4 had T-cell chimerism checked starting at 4 months after transplant because overall chimerism fell from 98% to 94%. Her T-cell chimerism at 4 months was 72%, gradually rising to 91% at 12 months without intervention and without GVHD. Patient 5 had falling overall donor chimerism that was probably a result of expansion of recipient antiviral T cells in response to CMV and RSV. Donor T-cell chimerism fell as low as 13% at 4 months, but rose without intervention and without GVHD (23% at 5 months, 49% at 6 months, and 96% at 9 months). Her myeloid chimerism was always higher than 94%. Late pancytopenia occurred on day 163 after transplant in 1 patient (patient 6) after antiviral therapy for HHV-6 reactivation. Despite not qualifying as late graft failure per protocol because of alternative causes (viral infection and myelosuppressive drug therapy) and greater than 50% donor chimerism, the patient was considered to have graft rejection/graft failure because he required a second transplant using a second mismatched related donor (Table 2) . He did not have anti-HLA antibodies directed against the original donor antigens. He engrafted after second transplant and remains 100% donor. Nine patients are alive with median follow-up of 49 months (range, 14-60 months). Estimated 2-year overall survival was 90%, and event-free survival was 80%.
Hemoglobin levels gradually increased after transplant. Hemolysis declined after transplant, as reflected by mean total bilirubin before transplantation of 2.1 mg/dL compared with a level 100 days after transplant of 0.5 mg/dL (P , .001). Hemoglobin S levels ranged from 0% to 39.5% among those with more than 1 year of posttransplant follow-up and were elevated in 4 patients despite 95% or more donor chimerism resulting from the use of donors with sickle cell trait. Immune recovery as assessed by CD4 1 cells greater than 100/mL occurred at a median of 134 days (range, 59-342 days) after transplant and to CD4 1 cells greater than 200/mL at a median of 163 days (range, 59-452 days) (Figure 1 ). The peak tricuspid regurgitant jet velocity before transplant was greater than 2.5 m/s in 3 of 10 patients. Two of the patients with elevated tricuspid regurgitant jet velocity jets had a decrease to less than 2.5 m/s at 1 year after transplant (2.73 to 2.25 and 2.55 to 2.36). The third patient died before this time. There were no significant declines in shortening (P 5 .24) or ejection fraction (P 5 .31) after 1 year of follow-up (data not shown). All patients had baseline pulmonary function testing completed before transplantation. There were no significant differences in the mean percentage predicted forced vital capacity, forced expiratory volume in the first second, forced expiratory flow (25%-75%), or adjusted diffusion capacity for carbon monoxide between baseline studies and at 1 year posttransplant (Table 3) . There was no progression of cerebrovascular disease after transplantation in patients with abnormalities before transplant. No patient had a painful crisis or other sickle cell complication after transplant. All survivors are in school or employed. The patient with chronic GVHD is home schooled as a result of pain from osteonecrosis and severe lymphopenia.
Adverse events
Engraftment syndrome occurred in 2 patients. Both were treated with hydrocortisone 2 mg/kg/d on days 113 and 17, respectively, with complete resolution, but developed posterior reversible encephalopathy while receiving hydrocortisone. Both patients had clinical recovery and radiologic improvement.
Grade II-IV acute GVHD occurred in 1 of 10 patients after transplant and prophylactic DLI and was grade II in this patient. Another patient developed grade IV acute GVHD after a therapeutic DLI for PTLD. Acute GVHD involved skin and gastrointestinal tract in both patients. One patient developed extensive chronic GVHD with lichenoid skin involvement; this was the patient with a history of grade II acute GVHD. EBV reactivation occurred in 4 patients, and 3 patients developed PTLD. PTLD occurred in 2 of 8 patients with a mismatched related donor and 1 of 2 with an unrelated donor. PTLD resolved in all patients clinically, by positron emission tomography scan, and by EBV viral load. Patient 2, who accounted for most of the severe adverse events on study, presented 2 months after transplant with high fevers and liver and bone lesions and had rapidly progressive plasmacytic PTLD. She had no response to rituximab and chemotherapy, so she was given a DLI (dose 5 3 10 4 CD3
1 cells/kg). The PTLD resolved, but she developed grade IV gastrointestinal GVHD. She succumbed months later as a result of thrombotic microangiopathy, renal failure, and fatal disseminated aspergillosis. Patient 5 presented with fever and adenopathy and had PTLD in her nasopharynx, cervical nodes, and a retroperitoneal lymph node at 1 month after transplant. She was treated with lowdose radiation therapy, rituximab, and a very low dose DLI. She subsequently was treated with third-party EBV-specific cytotoxic T lymphocytes for persistent disease, and her PTLD resolved. Patient 8 developed EBV viremia that was not treated with rituximab per protocol because he was having T-cell recovery. Soon after, he had a mononucleosis presentation (fever, sore throat, adenopathy) at 5 months after transplant and had polymorphic PTLD. The PTLD resolved with 4 weekly doses of rituximab. This patient had a negative EBV viral load in blood for 6 months, but subsequently had EBV detected in blood intermittently between 9 and 12 months after transplant, despite immune recovery. He did not have clinical PTLD and was not treated with rituximab.
Viral reactivation (Table 4) was common, but disease was uncommon. Patient 2 had a CMV seronegative donor and developed CMV enteritis after intensive immunosuppression for acute GVHD. Six patients had HHV-6 reactivation at median day 122 (range, 8-59 days), and the only possible disease was pancytopenia after HHV-6 reactivation in 1 patient. No patients developed adenovirus reactivation. 
Discussion
The goal of allogeneic transplantation for SCD is to achieve adequate donor engraftment to reverse the SCD phenotype while minimizing GVHD and late therapy-related effects. 3 Although matched sibling donor transplant has met this goal in SCD, 20, 28 less than 20% of patients with symptomatic SCD will have an unaffected HLA-matched sibling. In our study of 10 pediatric and young adult patients with symptomatic SCD, all patients had primary engraftment (ie, engrafted after transplant), and there was a low incidence of GVHD after reduced-intensity conditioning and alternative donor stem cell transplant. There was 1 case of possible late graft failure, which did not meet the protocol definition but could be considered as such because of the need for a second transplant. One patient had reversal of falling donor chimerism after therapeutic DLI and GVHD. Acute GVHD grade II followed by chronic GVHD occurred in 1 patient. She initially had grade I skin GVHD. When her rash worsened and she developed diarrhea, she had calicivirus in her stool that may have contributed to the progression. Another patient had grade IV acute GVHD after DLI for refractory PTLD. DLI in the HLA-mismatched setting carries a significant risk for acute GVHD. 29, 30 The major complications of transplant were viral reactivation and PTLD, with 1 late transplant-related mortality. PTLD occurred more frequently than would be expected from a T replete allogeneic transplant 31 and from a CD34 1 cell-selected graft. 32 Because 2 of the first 3 patients had EBV reactivation and 1 had PTLD in recipient cells, we reasoned that the reduced-intensity conditioning was not eradicating EBV-containing host B cells that could transform to PTLD. 33 We added rituximab to the conditioning regimen on day 21 for patients who were EBV seropositive before transplant. Of the 7 seropositive recipients, 1 of 4 receiving rituximab 375 mg/m 2 had EBV reactivation and PTLD compared with 3 of 3 patients not receiving rituximab (n 5 2) or receiving a reduced dose of 150 mg/m 2 (n 5 1) having reactivation and 2 having PTLD. Lower doses of rituximab may not be adequate to prevent recipientderived PTLD in patients who have not received chemotherapy previously.
Most patients were heavily transfused in the 3 years before transplant (median, 16 transfusions; range, 4-29 transfusions), but tolerated the conditioning regimen well. No patient had a painful crisis or other sickle cell complication after transplant. Long-term outcomes have been good. Elevated tricuspid regurgitant jet velocity is a surrogate marker for pulmonary hypertension and is associated with low hemoglobin, elevated reticulocyte count, and cerebral vasculopathy. 34 Three patients had this early sign of pulmonary hypertension before transplant, with normalization in 2 after transplant. Three patients had narrowing of central nervous system arteries on magnetic resonance imaging before transplant. One had early Moya-Moya, with resolution and normal magnetic resonance imaging/magnetic resonance angiography 1 year after transplant. The other 2 had stable cerebrovascular disease.
Outcomes in our study of alternative donors were similar to trials for matched sibling donors with myeloablative, 4-7 RIC, 20 and nonmyeloablative 28 conditioning regimens. These trials have reported approximate overall survival of 90% to 100%, graft failure 10%, acute GVHD 0% to 10%, and chronic GVHD 0% to 20%. 35 A recent study of unrelated donor bone marrow transplant with RIC for SCD had 2-year overall survival of 79%; grade III-IV (severe) acute GVHD, 17%; and chronic GVHD, 62%.
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Transplantation using unrelated cord blood on the same study was stopped because of the high incidence of graft rejection. 12 Reduced-intensity transplant using posttransplant cyclophosphamide has been used with haploidentical donors and is associated with high survival, but also a high incidence (43%) of graft failure and many patients requiring prolonged or indefinite immunosuppression. 15 One advantage of a T-cell depletion approach is that long-term use of oral calcineurin inhibitors is not needed. This may be of particular benefit to children with SCD, as high rates of medical noncompliance with outpatient medications are often observed in this population. 36 In summary, our approach of CD34 1 cell-selected PBSCs with a RIC regimen for pediatric and young adult patients with SCD was associated with rapid engraftment and a low incidence of GVHD. There appears to be stable, usually complete, donor chimerism despite the use of RIC. Although the initial engraftment was achieved before DLI, the persistence of engraftment may be in part a result of the DLI and methotrexate that was used in 7 of 9 surviving patients. EBV-related PTLD was a problem, but this improved with the addition of rituximab into the conditioning regimen for EBV seropositive patients. PTLD and the profound immunosuppression early after transplant are concerns with this approach, and additional study is needed to further evaluate these risks. Although there is relatively long follow-up, additional follow-up is required to assess important outcomes such as fertility. Our approach offers the potential to increase the number of people with SCD who can benefit from transplant, as most will have a matched unrelated donor or a mismatched related family donor available. The treatment of additional patients will be needed to confirm our results. Our approach including DLI with methotrexate for 80 days and rituximab with SCT conditioning may be considered a therapeutic option in patients with SCD who are considering an alternative donor transplant.
